Abstract. The present work is devoted to the prediction of added resistance and the free heave and pitch motion response in regular waves. The numerical results are analyzed in terms of added resistance, ship motions. Both free to heave and pitch are studied to investigate the contribution to added resistance from ship motion at different wavelengths, and the results show that when the wavelength λ < 4L the added resistance induced by ship motion is not negligible. The comparison with experimental results shows that unsteady RANS predicts the ship motion of heave and pitch well in all wavelengths. Ship pitch and heave motion in regular head waves can be estimated accurately by CFD.
Introduction
CFD approach relying on the resolution of the Reynolds Averaged Navier-Stokes equation (RANS) overcomes the limitation of the potential flow with respect to effects of water viscosity, wave dispersion and wave breaking [1] . The current research indicates numerous benefits through the application of rapid developments in computer science and numerical methods. The RANS approach is becoming a powerful method for predicting sea-keeping abilities of ships in recent years. It overcomes the shortages of potential theories by taking the water viscosity into consideration and the use of various turbulent models to describe complex flow fields. Many studies have been conducted on RANS for improving the accuracy of computations of the resistance and ship motions [2] . By using a model-scale naval surface combatant, DTMB Model 5512, Gui conducted an experimental study to provide experimental data for validation of RANS CFD codes [3] . It has been indicated that the added resistance in waves predicted by the conventional numerical methods based on a linear potential theory is sometimes significantly smaller than the corresponding experimental results in short waves. Some nonlinear numerical calculations of added resistance in waves have appeared. If the water surface due to a uniform flow or that due to a double-body flow is used as the steady water surface profile on which the free-surface boundary condition for the unsteady potential is imposed, the work of Bunnik and Raven which using the Rankine panel method to show that the added resistance in waves is underestimated is reviewed by Hermans [4] . Comparisons between the theoretically derived responses and experimental data, for both hull separations, indicate that the translating pulsating source method provides more accurate predictions than the pulsating source method for head waves and oblique wave headings [5] .Edward M. Lewandowski presented the sea-keeping simulation of multi-vessel with linear potential theory. The wave-induced motion of two vessels in close proximity is studied using traditional boundary element methods. Added mass, damping, and the behavior of the free surface between the vessels are examined in some detail. The response of the water between the vessels is found to have a profound effect on the hydrodynamics forces which undergo significant drastic changes at "critical frequencies" corresponding to standing to standing waves between the hulls [6] . At higher Froude numbers, the value of the heave RAO is not usually captured by linear strip theory. For the multihull ships, 2-D strip theory calculations are also not able to sufficiently quantify the full interaction effects. The main requirement of valid 3D theories to account for multihulls and their extension to account for the higher range of Froude numbers have been developed [7] . However, in most of those studies, attention is focused on the ship's motions, and the prediction of added resistance is not discussed in detail [8] . The purpose of this paper is that to describe a methodology to compute the motions of the wave piecing catamaran and to show its possibility to provide results of practical usefulness.
Ship Geometry and Test Conditions
The wave piecing catamaran model is adopted for the numerical calculation. The ship length and other main parameters are given in Table 1 . For the sea-keeping test, the designed depth is too small to avoid water on deck. Thus, the depth of the hull is increased through the extrapolation of the body plan to a depth of 0.102m (model scale). 
In order to analyze the numerical and experimental results, a right-handed coordinate system (x, y, z) used here. The numerical and experimental results are all transferred into this coordinate for comparison and analysis. With Fr=0.767, the ship speed at model scale is 4.158 m/s. The waves considered in this study are given in Table 2 . The experiments are performed by the author in the towing tank at Huazhong University of Science and Technology. 
Numerical Methods

Governing Equations
The governing equations which must be computed are the continuity equation for fluid velocity and pressure, and the time-dependent, three-dimensional, in-compressible RANS equations. The continuity and the RANS equations are expressed in integral form for a control volume as follows: 
Computational Mesh and Interface Capturing
Since the main part of waves generated by ship motion is linear at low speed, this approach has provided a lot of useful information for the prediction of ship motion and is a commonly used, established method. However, it cannot be applied to motion which includes nonlinear properties, such as large-amplitude motion. The disadvantage of this method is that it cannot cope with large amplitude motion. In order to cope with the large amplitude motion, the motion of the ship is treated as body forces introduced into the external force term of the Navier-Stokes equation, within a fixed coordinate system. As the surface of the air-water interface is moved as a result of the ship's motion, by using the density-function method, the nonlinear and breaking wave free-surface conditions can be implemented. The density function takes the value 0.0 in air and 1.0 in water, and the free-surface location is determined at the point where the density function takes the value 0.5:
Wave Generation
In the wave generation module, incident waves are generated in a manner based on linear wave theory. The generation of incident waves is approximated by giving the fluid velocity and wave height explicitly at the inlet boundary of the outer grid. The wave height (ζ ୵ ) and the fluid velocity u ୵ that is as a result of the wave particle motion at the space-fixed coordinate system are both given by
In which, 
Computation Method
In order to avoid the tank wall domino effect and shallow water effect, the calculation domain is −3.5L ୮୮ < x < 2.0L ୮୮ , 0 < x < 1.67L ୮୮ , −2.0L ୮୮ < z < 0.6L , where the mid-plane of the ship is located at y = 0, and ship bottom is at z = 0. The stern is at x = 0 and the bow atx = L . As a result of half of the ship hull is used in the calculating, the boundary condition adopting at the center plane is symmetry. At the upper and bottom, the boundary condition prescribed pressure is condition. The downstream is set as 'Far field' boundary. The wave generator is imposed for the wave simulation, while the 'Far field' is given for the calm water calculation on the inlet boundary. At the wave boundary, velocity components as well as the mass fraction are prescribed with the analytical solution of 1st order stokes waves with the given wave period and wave height. The 'symmetry' boundary condition is set on the outside and middle boundaries, while the outlet boundary is set as 'Far field' condition. When flow is leaving out of the computational domain, the boundary condition is automatically set as 'Far field' condition in the ISIS code. At the exit boundary, the wave reflection is not observed as a result of the use of upwind discretization scheme and ship advancing motion. In the course of simulation, there are no additional absorbing waves for treatment. An unstructured hexahedral mesh is used for the computation. The mesh is coarse at the top and bottom of the tank, while the mesh near the free surface and around the ship hull is refined locally in order to well capture the free surface and solve the complex flow around the hull. The mesh is illustrated in Fig.1 . Wall function is employed for the computation. The value of y ା is around 10~30 except near the bow and the stern, indicating that the first grid points are located within the range of validation for wall function.
In the numerical calculation, the ship is free in pitch and heave, while the other freedoms are fixed. In order to avoid too much excitation of the free surface, the ship model starts at rest with a progressive acceleration to reach Fr=0.767 at t = 4s following a 1 4 ⁄ sinusoidal ramp profile.
Discussion of Results
Added Resistance
The added resistance is measured as the difference between the mean resistance in waves and the resistance in calm water at the same speed. The results of the added resistance are presented in a non-dimensional form by the following equation:
where C ୟ୵ is the non-dimensional added resistance, also called added resistance coefficient. R ୟ୵ = R ഥ ୵ୟ୴ୣ − R ୡୟ୪୫ is the added resistance, R ഥ ୵ୟ୴ୣ is mean resistance in waves and R ୡୟ୪୫ is resistance in calm water.
ρ is the water density, ζ ୟ is the wave amplitude. B and L are given in Table 1 . Existing theories about the resistance of wave forecasts are based on the assumptions of the elongate body hull. However, since the wave-piercing catamaran features, thin theory is no longer applicable. The increased resistance value of wave-piercing catamaran is shown in Fig.2 . Unlike the theoretical predictions of wave increased resistance peaks at characteristic wavelength equal to 1, the increase value of wave-piercing catamaran is maximum when the characteristic wavelength is 0.5. Both thin body theory and numerical calculation have indicated, when characteristic wavelength is more than 0.5 the longer of the incident wavelength is the smaller of hull resistance value added in waves sailing, when it is less than 0.5 the shorter the wavelength of the incident wave, increased resistance value is smaller. 
Heave and Pitch Motions
The comparisons among the CFD simulations and experiments are presented in this section and illustrated in Fig.3, Fig.4 and The comparison shows that numerical method can well predict the vertical motion of the wave piecing catamaran. Heave acceleration at the center of gravity is depicted in Fig.4 , which shows that when L λ ⁄ is larger than 1.2 CFD result falls on the heave acceleration curve given by experiment. However, the CFD results match experimental data well at other frequency. Fig.4 compares heave motion amplitude at the center of gravity by CFD with the experimental data measured by the authors. The heave motion amplitude is almost equal to zero at high wave frequency, and the wavelength is less than0.833L . When the wavelength is between 0.833L and1.833L , the heave amplitude given by numerical method is close to the experimental data. However, at low wave frequency where wavelength is longer than1.833L , the heave amplitude given by numerical method is larger than the experimental data. 
Conclusions
The RANS numerical simulation of the added resistance and vertical ship motions of the Wave Piecing Catamaran in head regular waves with wide range of wavelengths is presented. In contrast with the experimental data, the numerical results behaved very well. CFD prediction of ship motions and added resistance matches the experimental data well for different wavelengths, down to the shortest wavelengh of L λ ⁄ = 2.0.
Although the simulations dealt with in this study are limited to those in regular waves, the simulation method can be extended to simulations in other wave conditions, including waves and irregular waves. Only two degrees of freedom are permitted in these computations, and the nonlinear characteristic of the motion is gentle. Therefore, the results in this paper have only demonstrated the firs-step viability of the method. The method will be applied to real six-degrees-of-freedom motion and to motion with many more nonlinear phenomena in the near future. 
